The microstructure and toughness of tungsten inert gas (TIG) backing weld parts in low-pressure steam turbine welded rotors contribute significantly to the total toughness of the weld metal. In this study, the microstructure evolution and toughness of TIG weld metal of 25Cr2Ni2MoV steel low-pressure steam turbine welded rotor under different post-weld heat treatment (PWHT) conditions are investigated. The fractography and microstructure of weld metal after PWHT are characterized by optical microscope, SEM, and TEM, respectively. The Charpy impact test is carried out to evaluate the toughness of the weld. The optical microscope and SEM results indicate that the as-welded sample is composed of granular bainite, acicular ferrite and blocky martensite/austenite (M-A) constituent. After PWHT at 580 • C, the blocky M-A decomposes into ferrite and carbides. Both the number and size of precipitated carbides increase with holding time. The impact test results show that the toughness decreases dramatically after PWHT and further decreases with holding time at 580 • C. The precipitated carbides are identified as M 23 C 6 carbides by TEM, which leads to the dramatic decrease in the toughness of TIG weld metal of 25Cr2Ni2MoV steel.
Introduction
Steam turbines play an important role in modern power plants. As a result of concerns related to the environmental impact from pollutants and greenhouse gas, the power industry has had to improve thermal efficiency by developing ultra-supercritical (USC) combustion technology, which has led to elevated steam temperatures and continuously increasing demand being placed on their components' performance [1] . The harsher working conditions exert extra stress on all moving parts, demanding higher reliability with much-enhanced mechanical properties for all components [2, 3] . Steam turbine rotors are one of the most critical and highly stressed parts in steam turbines, experiencing centrifugal force, torsional force and bending stress. Thus, the material used to manufacture steam turbine rotors needs to have excellent performance, such as high ductility, deep hardenability, high strength, high fatigue strength and creep resistance [4] [5] [6] . NiCrMoV refractory steel has been proved to be a suitable material for meeting these requirements of steam turbine rotor materials [7] [8] [9] . However, it is difficult to manufacture high-quality steam turbine rotors by forging directly, because of their heavy section and large dimensions. Thus, welded rotors have been widely used, with advantages including lighter weight, higher rigidity, easier manufacturing process, shorter production cycle, lower cost, and excellent performance [10, 11] .
In practice, for large-scale rotors, multi-layer and multi-pass welding technologies are utilized due to their advantages in terms of normalizing the pre-layer or pre-pass microstructure, thus increasing the ductility and improving the welding quality. The narrow gap-welding method is frequently chosen in the manufacturing of large-scale rotors, in order to join several forged parts with less filler wire consumption and weld deformation. Despite the weld quality of narrow-gap tungsten inert-gas welding (NG-TIG) is better than that of narrow-gap submerged-arc welding (NG-SAW), NG-SAW is generally employed to manufacture heavy section rotors, due to its higher efficiency and lower cost [12] [13] [14] [15] . In the manufacturing process of large-scale rotors, NG-TIG is firstly employed for backing weld, and then multi-layer and multi-pass NG-SAW is used to manufacture the welded rotor.
After the welding process, post-weld heat treatment (PWHT) for the welded joints is invariably carried out, and is indispensable for eliminating welding stress and improving comprehensive mechanical properties [16] [17] [18] [19] [20] . Tempering is one of the methods for PWHT that is able to release the welding stress and stabilize the microstructure of the welded rotor steel [21] [22] [23] [24] . Generally, the welded rotor is heated to a higher temperature with a certain heating speed and then the welded rotor is insulated for a period of time followed by a cooling process with a lower cooling rate in the furnace or air because of the large size and high thickness of the welded rotor [25, 26] .
For a qualified weld metal, the creep property and fatigue resistance are essential performances, while good impact toughness at room temperature should be also taken into account to ensure reliability during the testing and startup or shut-down of plants. However, the weld metal of NiCrMoV refractory steel is susceptible to tempered embrittlement as a consequence of tempering within a specified temperature range, leading to a dramatic decrease in impact toughness [27] . Salemi et al. [8] investigated the effect of tempering temperature on the mechanical properties and fracture morphology of NiCrMoV steel. They found that the impact energy was improved by increasing the tempering temperature without any evidence of tempered martensite embrittlement. Wang et al. [28] studied the microstructure and impact toughness of 15Cr2Ni3MoW steel after tempering at different temperatures. The results showed that a large amount of stabilized martensite/austenite (M-A) islands appeared after the tempering treatment at 350 • C, while the M-A islands decomposed into precipitated carbide distributing along the grain boundary, which is responsible for the tempering brittleness. As the multi-layer and multi-pass NG-SAW part constitutes the majority of weld metal, most research has placed an emphasis on the microstructure and mechanical properties of NG-SAW parts. Li et al. [29, 30] investigated toughness weak point of bainite weld metal of NiCrMoV refractory steel. They found that the carbon-rich areas containing much more M-A blocks in the incomplete phase change zone of layers between two adjacent beads were responsible for the decrease of toughness. Furthermore, the influence of the M-A blocks on the weld toughness was closely related to the distribution, pattern and dimension. Zhang et al. [31] concluded that the precipitation and aggregation of carbides was disadvantageous to the toughness. However, little study has been focused on the microstructure and toughness of TIG backing weld parts, which is an indispensable part and contributes to the toughness of whole weld metal significantly. In this study, the toughness of the TIG weld metal of 25Cr2Ni2MoV steel is evaluated by Charpy impact test. The fractography and microstructure evolution under different PWHT conditions are characterized by optical microscope (OM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) to reveal the fracture mechanism.
Materials and Methods
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Charpy Impact Results
The Charpy impact test was carried out at room temperature to evaluate the toughness of the weld metal with different hold times at 580 °C in PWHT. The absorbed energies in the Charpy 
The Charpy impact test was carried out at room temperature to evaluate the toughness of the weld metal with different hold times at 580 • C in PWHT. The absorbed energies in the Charpy impact test versus hold times, as well as the deviation from the average value, are shown in Figure 5 . It can be seen that the as-welded metal had the highest absorbed energy, at around 177.4 J. The absorbed energies of the weld metal dramatically decrease after PWHT and that gradually decreases with the hold time from 5 h to 20 h. It can be expected that the absorbed energies of the weld metal will continue to decrease with increasing of the hold time in PWHT to a certain extent. Specifically, the absorbed energy of weld metal with a holding time of 5 h is 69.0 J. When the hold time is 10 h, the absorbed energy is about 54.4 J. The weld metal with holding time of 20 h has the lowest absorbed energy of 38.5 J, which is more than four times lower than the as-welded one. The dramatic decrease of the toughness of the weld metal can be attributed to the microstructure evolution caused by the different PWHT processing. Associating the microstructure evolution of weld metal after PWHT with the Charpy impact test results, it is concluded that the precipitation of carbides along the boundaries of the blocky M-A has a great influence on the toughness of the sample.
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Fractography Characterization
The morphology and cross-section of the fracture surface of the samples with different holding times were characterized by SEM to investigate the mechanism of fracture. Figure 6a ,b presents the SEM fractograph of the as-welded sample. The presence of dimples is obvious at the fracture surface of this sample, indicating a ductile fracture mechanism. However, in general, the fracture mechanism transforms from ductile fracture to the combined mechanism, with both brittle fracture and ductile fracture after PWHT. Specifically, the fractography of weld metal after 5 h holding time shows characteristics of quasi cleavage fracture with numbers of cleavage facets as shown in Figure 6c . Figure  6d shows the unbroken blocky M-A blocks located along the fracture surface, and the size of cleavage fracture surface is also in agreement with that of the blocky M-A blocks, indicating that the boundary of blocky M-A blocks provides a crack propagation path when the sample is impacted. When the holding time is 10 h, the fracture morphology of the sample shows the characteristics of quasi cleavage fracture containing a large number of cleavage facets. However, compared to the sample with 5 h holding time, there are a number of dimples around the cleavage facets, which reveals that the initiation of cleavage facets is possibly the micro crack around the dimples. As shown in Figure 6f , the crack propagation path is still along the boundary of blocky M-A blocks, which is similar to the mechanism of sample with 5 h holding time. When the holding time increases to 20 h, the fracture morphology of the sample is still that of a quasi cleavage fracture with lots of cleavage facets. More dimples can easily be found on the fracture surface when compared to the sample with 10 h holding time. However, carbide particles can be clearly seen in the dimples, as shown in Figure 6g . From this 
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TEM Characterization
In order to further investigate the fine microstructure and the precipitated carbides around blocky M-A, TEM was conducted, and the results are presented as Figures 7-9. As shown in Figure 7 , there is no carbide precipitated from the blocky M-A blocks in the as-welded sample. The selected area electron diffraction (SAED) pattern as shown in Figure 7b reveals that the substrate is mainly composed of ferrite. Figure 8 displays the typical TEM images of the samples after PWHT with a hold time of 20 h. It can be obviously seen that a large amount of needle-like and blocky carbides with dimensions of about 100-200 nm are precipitated from the M-A blocks and ferrite substrate. According to the SAED patterns of precipitated carbides and HR-TEM result (in Figure 9) , the precipitated carbides are identified as M23C6 carbides. Associating the OM, SEM and TEM microstructure characterization with the dramatic decrease in toughness of TIG weld metal of 25Cr2Ni2MoV steel, it is concluded that the precipitation of M23C6 carbides leads to the significant decrease in the toughness. 
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